The introduction of highly active antiretroviral therapy (HAART) has significantly decreased morbidity and mortality among patients infected with HIV-1. However, HIV-1 can acquire resistance against all currently available antiretroviral drugs targeting viral reverse transcriptase, protease, and gp41. Moreover, in a growing number of patients, the development of multidrug-resistant viruses compromises HAART efficacy and limits therapeutic options. Therefore, it is an ongoing task to develop new drugs and to identify new targets for antiretroviral therapy. Here, we identified the guanylhydrazone CNI-1493 as an efficient inhibitor of human deoxyhypusine synthase (DHS). By inhibiting DHS, this compound suppresses hypusine formation and, thereby, activation of eukaryotic initiation factor 5A (eIF-5A), a cellular cofactor of the HIV-1 Rev regulatory protein. We demonstrate that inhibition of DHS by CNI-1493 or RNA interference efficiently suppressed the retroviral replication cycle in cell culture and primary cells. We show that CNI-1493 inhibits replication of macrophage-and T cell-tropic laboratory strains, clinical isolates, and viral strains with high-level resistance to inhibitors of viral protease and reverse transcriptase. Moreover, no measurable drug-induced adverse effects on cell cycle transition, apoptosis, and general cytotoxicity were observed. Therefore, human DHS represents a novel and promising drug target for the development of advanced antiretroviral therapies, particularly for the inhibition of multidrug-resistant viruses. The introduction of highly active antiretroviral therapy (HAART) has significantly decreased morbidity and mortality among patients infected with HIV-1. However, HIV-1 can acquire resistance against all currently available antiretroviral drugs targeting viral reverse transcriptase, protease, and gp41. Moreover, in a growing number of patients, the development of multidrug-resistant viruses compromises HAART efficacy and limits therapeutic options. Therefore, it is an ongoing task to develop new drugs and to identify new targets for antiretroviral therapy. Here, we identified the guanylhydrazone CNI-1493 as an efficient inhibitor of human deoxyhypusine synthase (DHS). By inhibiting DHS, this compound suppresses hypusine formation and, thereby, activation of eukaryotic initiation factor 5A (eIF-5A), a cellular cofactor of the HIV-1 Rev regulatory protein. We demonstrate that inhibition of DHS by CNI-1493 or RNA interference efficiently suppressed the retroviral replication cycle in cell culture and primary cells. We show that CNI-1493 inhibits replication of macrophage-and T cell-tropic laboratory strains, clinical isolates, and viral strains with high-level resistance to inhibitors of viral protease and reverse transcriptase. Moreover, no measurable drug-induced adverse effects on cell cycle transition, apoptosis, and general cytotoxicity were observed. Therefore, human DHS represents a novel and promising drug target for the development of advanced antiretroviral therapies, particularly for the inhibition of multidrug-resistant viruses.
Introduction
The efficient inhibition of the HIV-1 life cycle by highly active antiretroviral therapy (HAART) has been shown to profoundly improve the morbidity and mortality among HIV-1-infected patients (1) (2) (3) (4) . Current routine drug regimens typically consist of various combinations of compounds that target the viral proteins reverse transcriptase, protease, and gp41 (5) . Unfortunately, in a growing number of patients long-term HAART is accompanied by significant adverse side effects including mitochondrial toxicity, lipodystrophy, diabetes mellitus, and osteoporosis (5) . In addition, HIV-1 can acquire resistance to all known inhibitors of reverse transcriptase, protease, and gp41, and transmission of multidrug-resistant HIV strains is becoming a growing problem among newly infected persons. In fact, a recent study reported that the proportion of new HIV infections that involve antiretroviral drug-resistant virus increased significantly in North America over the previous years (6) . Therefore, it is an ongoing task to develop new drugs for targeting drug-resistant viruses. As multidrug-resistant viruses frequently exhibit broad cross-resistance to inhibitors of reverse transcriptase and protease, it is also important to identify new targets for inhibition of viral replication (7) .
The formation of progeny viruses requires multiple intracellular interactions of both viral components and host cell factors. The identification of these critical host cell factors may therefore provide novel cellular drug targets for the development of compounds that are potentially capable of inhibiting HIV-1.
HIV-1 replication depends on the action of the viral regulatory protein Rev (reviewed in ref. 8) . Eukaryotic initiation factor 5A (eIF-5A) has been previously reported to be a cellular cofactor of the Rev pathway (9, 10) . In the present study we investigated possibilities to block HIV-1 replication by inhibiting human deoxyhypusine synthase (DHS), an enzyme that is required for eIF-5A biological activity. We show that this cellular factor constitutes a new target for inhibition of HIV-1, including HAART-resistant strains.
Results
The guanylhydrazone CNI-1493 is a novel inhibitor of DHS. eIF-5A is the only known cellular protein that contains the amino acid hypusine [N ε -(4-amino-2-hydroxybutyl)-lysine], a modification that appears to be required for eIF-5A activity (11, 12) . The hypusine formation is a highly specific, spermidine-dependent posttranslational reaction that is catalyzed by 2 enzymes (11) . In the first step, the aminobutyl moiety of spermidine is transferred to the ε-NH 2 group of a single lysine residue at position 50 within the human 154-amino acid eIF-5A protein ( Figure 1A ). This reaction is catalyzed by DHS. The resulting eIF-5A intermediate is then further modified by deoxyhypusine hydroxylase, generating the active form of eIF-5A. The most potent inhibitors of DHS so far described are structural derivatives of spermidine (13) that have been reported to exert antiproliferative effects in cell lines (14) (15) (16) . In order to develop novel types of DHS inhibitors, we recently identified the multivalent guanylhydrazone CNI-1493 by high-throughput screening assay to be a small-molecular weight inhibitor of human DHS in vitro (17) . [3,5-bis[1(aminoiminomethyl) hydrazonoethyl] phenyl]decanediamide tetrahydrochloride) is an experimental drug that is currently in phase II clinical trials for Crohn disease. It has been shown to inhibit synthesis of TNF in monocytes/macrophages by somehow suppressing translation efficiency (18) . In addition, this compound has been reported to prevent the phosphorylation of p38 MAPK, and this effect may interfere with HIV-1 replication (19, 20) .
CNI-1493 (N,N′-bis
In the present study we tested the effect of CNI-1493 on DHS activity in vivo by eIF-5A-specific immunoprecipitation analysis using cellular extracts derived from Jurkat T cells that were metabolically labeled using either [ 14 C]putrescine, a metabolic precursor of spermidine, or [ 35 S]cysteine. As visualized by autoradiography ( Figure 1B) , addition of CNI-1493 to the cell cultures clearly inhibited hypusine modification of eIF-5A in a dose-dependent fashion (lanes 2 and 3, upper panel), unlike in the control experiment, in which DMSO alone (a solvent for CNI-1493) was present (lane 1). Importantly, no inhibitory effect of CNI-1493 on de novo eIF-5A synthesis was observed in the control experiment ( Figure  1B , lower panel), using [ 35 S]cysteine. Next, we analyzed total cellular extracts of [ 14 C]spermidine-labeled PM1 cells by 2-dimensional gel electrophoresis and subsequent autoradiography. In agreement with the literature, and as shown in Figure 1C (upper panel), this type of labeling resulted exclusively in the detection of the unique hypusine-containing protein eIF-5A and its minor isoforms (11, 21) . Again, addition of CNI-1493 to the cell cultures clearly inhibited the labeling of eIF-5A ( Figure 1C, lower panel) . Taken together, these data demonstrate that the guanylhydrazone CNI-1493 is a novel and potent inhibitor of DHS.
Effect of DHS inhibition on replication of HIV-1. Because the hypusinecontaining protein eIF-5A has been shown to be a critical cofactor of the HIV-1 Rev regulatory protein (reviewed in ref. 22) , we hypothesized that treatment of infected cells with CNI-1493 may block HIV-1 replication. Therefore, we first analyzed the effect of CNI-1493 on the replication of HIV-1 laboratory strains. For this, PM1 cells were infected with the macrophage-tropic strain BaL, or the T cell-tropic HIV-1 strain NL4/3. After infection, cells were washed, resuspended, and cultured in the presence of CNI-1493 (dissolved in DMSO), or in medium supplemented with DMSO as a control for the calculation of inhibition of virus replication. At days 3, 6, and 9 after infection, the culture medium was replaced and cells were split. Viability of the cells (measured by methylthiazoletetrazolium salt [MTT] assay) and p24 antigen levels were determined at days 6 and 12. As shown in Figure 2 , 1.0 μM CNI-1493 blocked both the macrophage-tropic strain BaL and the T cell-tropic strain NL4/3 very efficiently, reaching virus inhibition rates that ranged from 82% to 98% (upper panels). It is also important to note that at this drug concentration no significant differences in cell viability were detected in the cultures (Figure 2 , lower panels).
For further characterization of the antiviral effect observed, we next extended our studies to clinical HIV-1 isolates. PBMCs from HIV-1-infected patients were cultured for 14 days in the presence of CNI-1493 (final concentration: 0.5 μM or 1.0 μM) or without inhibitor (DMSO control). The culture medium was replaced every 3 days. Once a week, each culture was split 1:1 and feeder PBMCs (isolated from healthy donors) and IL-2 were added. At day 14, virus replication was determined by p24 antigen ELISA and/or branched DNA (bDNA) assay. Analysis of cell viability again revealed no significant differences between drug-treated and untreated cultures. Approximately 75-80% of the cells in these cultures were viable. The observed antiviral effect in these primary cells was more pronounced than those in cell lines. CNI-1493 clearly inhibited the various clinical virus isolates ( Figure 3) . Obviously, treatment of the cells with CNI-1493 repeatedly resulted in HIV-1 inhibition rates of greater than 90% (Figure 3 , patients 1, 3, and 4). In 1 experiment, however, only partial inhibition of virus replication was achieved (patient 2; inhibition rate at 1.0 μM: 54%). At this time we do not know the reason for this. However, it has been previously shown that CNI-1493 binds to circulating fetuin and that this complex is taken up by the cell (19) . It can therefore not be ruled out that a potential polymorphism in the gene encoding the respective asialoglycoprotein receptor may influence the efficacy of CNI-1493 in patients.
We also performed long-term infection experiments over a period of 10 weeks using infected PBMCs from another AIDS patient. The obtained data clearly demonstrated extended periods of inhibition of virus replication (greater than 95%) with no apparent loss of drug sensitivity (supplemental data available online with this article; doi:10.1172/JCI200521949DS1).
In order to gain insight into the kinetics of CNI-1493 action, we next performed a drug wash-out experiment. PM1 cells were infected with HIV-1 BaL as described above and cultured in the presence of CNI-1493 at a concentration of 0.5 μM. At day 12 after infection, the culture was split 1:1. One of these cultures was further incubated in the presence of 0.5 μM CNI-1493, while the remaining one was washed and cultured for another 12 days in the presence of the drug solvent DMSO only (control). The culture medium was replaced at days 2, 5, 7, 10, and 12 before the drug was removed and at days 2, 5, 7, and 9 after cell splitting. Again, viability of the cells and p24 antigen levels were determined as before at the indicated days (see Figure 4A ). As shown, antiviral effects increased continuously during the initial days of drug treatment, reaching the greatest levels of inhibition between days 7 and 12 after infection. The number of living cells in the culture increased steadily during this period. Following splitting of the cell culture at day 12 after infection, maximal inhibition of virus replication remained constant in the presence of CNI-1493 for another 12 days, the time point when the experiment was finally terminated. In sharp contrast, however, withdrawal of CNI-1493 resulted in breakthrough of virus replication in the respective culture around day 7 after drug removal. Clearly, more viable cells were observed in the protected culture as compared with the cell culture in which virus replication was not repressed. These data demonstrate that the kinetics of CNI-1493 activity is rather slow, requiring approximately a full week until significant anti-HIV-1 effects can be observed. This suggests that the intracellular pool of hypusine-modified eIF-5A is exchanged at relatively slow rates
Figure 2
Inhibition of macrophage-tropic (Mtropic) and T cell-tropic (T-tropic) HIV-1. PM1 cells were infected with HIV-1 BaL or NL4/3. Infected cells were cultured in the presence of the indicated concentrations of CNI-1493, or with DMSO alone (control). The culture medium was changed at days 3, 6, and 9. p24 antigen levels and cell viability were determined at days 6 and 12. The percentage of inhibition of virus replication as compared with replication in the control culture without drug, which was arbitrarily set at 100%, is shown in the upper panels. MTT assays (Roche Diagnostics GmbH) from the same cultures are shown in the lower panels.
Figure 3
Inhibition of clinical HIV-1 isolates. PBMCs from HIV-1-infected patients were cultured in the presence of CNI-1493. The culture medium was changed every 3 days. Every week, each culture was split 1:1, and fresh feeder PBMCs from 4 healthy donors, treated with PHA-P (6 μg/ ml phytohemagglutinin) and PB (1 μg/μl polybrene) and preincubated in CNI-1493 for 4 days, were added along with recombinant IL-2. At day 14, cell counts, cell viability, and p24 antigen and/or bDNA levels were determined (cell counts ranged from 0.9 × 10 6 to 1.1 × 10 6 cells per milliliter; in all cultures tested, at least 80% of the cells were viable). The percentage of inhibition of virus replication as compared with replication in the respective untreated patient cells is shown.
by unmodified inactive protein. This notion is in agreement with the findings that the hypusine modification is irreversible and that eIF-5A is characterized by a long half-life of greater than 24 hours in mammalian cells (12) .
To address the question of whether resistant isolates arise over time, we next infected PM1 cells with HIV-1 BaL and cultured these cells for 12 weeks at the suboptimal drug level of 125 nM CNI-1493. Ongoing virus replication was observed by detection of p24 antigen in the cellular supernatant over the entire culturing period (not shown). At day 84 after infection, the virus-containing supernatant of this long-term culture, as well as a supernatant containing parental HIV-1 BaL, was used for de novo infection of PM1 cells. The infected cells were washed, split 1:1, and cultured for another 16 days in the presence of 1.0 μM CNI-1493 or DMSO only (control). At days 8, 12, and 16 after infection, viability of the cells (by MTT assay) and p24 antigen levels were determined. As shown in Figure 4B , both the wild-type viruses and viruses that were pre-exposed for a prolonged period of time to low drug levels were equally well inhibited by 1.0 μM CNI-1493. These data suggest that adaptation of viruses to CNI-1493 is rather unlikely.
As the DHS inhibitor CNI-1493 clearly has anti-HIV properties, the question was raised of whether DHS itself is required for virus replication. If so, the knock-down of this enzyme by RNA interference (RNAi) (23) should also impair the formation of progeny viruses in infected cells. The delayed kinetics of virus inhibition that was previously observed (Figure 4 ) required the repeated transfection of target cells with small interfering RNA (siRNA). This can be most easily achieved using monolayer cultures. Therefore, we transfected HeLa cells that express the human CD4 protein with DHS-specific and control siRNA 3 times consecutively over a 6-day period. At day 7, these cultures were infected with HIV-1 NL4/3, and virus replication was monitored by p24 antigen ELISA at day 3 after infection. In control experiments the effect of siRNA treatment on endogenous DHS mRNA levels was analyzed by RT-PCR. As shown in Figure 5A , transfection of the cell cultures with DHS siRNA clearly downregulated the corresponding transcripts in these cells, while, in contrast, a control siRNA (SDII) that lacks complementary sequences in the human genome did not negatively affect the abundance of DHS messages. Moreover, gene silencing was accompanied by impaired hypusine modification of eIF-5A as shown by analysis of total [ 14 C]spermidine-labeled HeLa cell extracts by 2-dimensional gel electrophoresis ( Figure 5B) . Importantly, the viral replication capacity was significantly reduced, by 82-88%, in the cultures transfected with DHS-specific siRNA compared with the cultures transfected with control siRNA ( Figure  5C , upper panel). Analysis of cytotoxicity ( Figure 5C , lower panel) and of integrated proviral DNA ( Figure 5D ) revealed comparable levels of viable and infected cells in these cultures.
Taken together, these data demonstrated that DHS is indeed a valuable cellular target for interference with HIV-1 replication.
Effect of CNI-1493 on host cells. For this study it was important to demonstrate that the pronounced antiviral effects of CNI-1493 were not due to drug-induced toxic effects on cellular metabolism. We therefore analyzed apoptosis, cell cycle progression, and cell viability in various inhibitor-treated cells (see supplemental data). Furthermore, we demonstrated by detection of extrachromosomal circular viral DNA that CNI-1493 does not block de novo infection (see supplemental data). Taken together, these data demonstrated that the observed antiviral activities of CNI-1493, which were achieved at drug concentrations of 0.5-1.0 μM, were not caused by deleterious effects of these concentrations of the drug on the host cells. Clearly, at this point we cannot provide more extensive toxicity studies that, for example, define the therapeutic window in more detail. With respect to general toxicity, however, it should be noted that CNI-1493 is currently being investigated in clinical trials, including an international phase II study in Crohn disease. In these studies patients receive doses of 2-32 mg/m 2 (24), corresponding to approximate drug concentrations of 0.8-11.8 μM, which is well above the range of the CNI-1493 concentrations used in this study to inhibit HIV-1.
Inhibition of Rev trans-activation. HIV-1 replication depends on the cytoplasmic accumulation of unspliced and incompletely spliced viral RNAs, which serve either as templates for translation of the viral structural protein or as viral genomes in the formation of progeny viruses. The transport of these RNAs, from the nuclear site of transcription to the cytoplasmic site of protein synthesis, is mediated by Rev (8) . Since evidence has been previously provided that the hypusine-containing protein eIF-5A is required for Rev trans-activation (9, 10), the effect of CNI-1493 on Rev activity was analyzed next. We infected PM1 cells with HIV-1 BaL and cultured them in DMSO (solvent control) or 0.8 μM CNI-1493. At day 7 after infection, total and cytoplasmic RNAs were isolated and subjected to Northern analysis ( Figure 6A ). The 3 classes of HIV-1-specific RNAs, corresponding to unspliced, singly spliced, and multiply spliced transcripts, were easily detectable in total RNA isolated from DMSO-treated cells ( Figure 6A, lane 3) . However, analysis of cytoplasmic RNA samples clearly revealed reduced levels of the Rev-regulated unspliced and singly spliced HIV-1 mRNA species in CNI-1493-treated cells ( Figure 6A, lane 1 versus lane  2) . Quantification of the intensities of the specific bands using a phosphoimager (not shown) showed that the unspliced transcripts were reduced by 58% and the singly spliced transcripts by 27% in the drug-treated, as opposed to the untreated, cultures. The detection of the exclusively nuclear U6 small nuclear RNA (snRNA) served as control for the purity of the cytoplasmic samples in these experiments ( Figure 6A, lower panel) .
As an additional assay we analyzed the effect of CNI-1493 on Rev to rescue in trans the replication of a defective HIV-1 provirus specifically mutated in the rev gene (25) . As shown in Figure  6B , coexpression of Rev restored replication of this defective provirus as indicated by the release of amounts of p24 protein into the supernatant of the respective culture (upper panel). As expected, the Western analysis of a respective cellular extract displayed increased Rev-dependent p55 Gag protein synthesis (lower panel). In contrast, the presence of CNI-1493 inhibited Rev activity in these experiments as demonstrated by a significant decrease in p24 release, as well as by a reduction in p55 Gag synthesis.
As an independent and more rigorous test of whether CNI-1493 indeed directly represses Rev activity, we finally performed specific trans-activation analyses. For this, established Rev-and Tat-dependent reporter vectors (pCMVgagLucRRE and pBC12/HIV/CAT, respectively) were used in transient transfection experiments (26, 27) . As shown, CNI-1493 clearly inhibited Rev trans-activation ( Figure  6C ), while no negative effect on Tat activity was observed ( Figure 6D) ; this indicates specificity of this compound for the Rev pathway.
Taken together, these data demonstrated that the antiviral effect of CNI-1493 is due to the inhibition of the essential HIV-1 Rev regulatory protein.
Inhibition of multidrug-resistant HIV-1. The occurrence of drug resistance is a major reason for the failure of antiretroviral therapies in HIV-1 infection. Since CNI-1493 targets the biochemical modification on the cellular protein eIF-5A, this compound may prove useful in the inhibition of viruses resistant to conventional antiretroviral drugs (e.g., reverse transcriptase and protease inhibitors). To test this hypothesis, we subjected a representative set of multidrug-resistant viruses to CNI-1493 inhibition studies. The antiretroviral drug profiles of these viruses, as determined by phenotypic resistance testing using the recombinant virus technique (28) , are shown in the left panels of Figure 7 . In each virogram, the gray center indicates the sensitivity of a nonresistant virus (HIV-1 NL4/3) to the indicated anti-HIV drugs. The red area shows the individual concentrations of these drugs that are required to inhibit replication by 50% of the tested virus in tissue culture, while the yellow area marks the maximal drug resistance that is detectable in this type of assay. Virus samples displaying, for example, a reduction in inhibitor sensitivity of more than 8-fold are considered fully resistant in this type of assay (29) . Thus, the analyzed samples are representative for protease inhibitor-resistant, nucleoside reverse transcriptase inhibitor-resistant, and non-nucleoside reverse transcriptase inhibitor-resistant viruses. Mutations conferring drug resistance were determined by genotypic DNA sequencing (see supplemental data).
Figure 5
Inhibition of DHS by RNAi. For DHS knock-down, HLCD4-CAT cells, which express the CD4 surface molecule, were repeatedly transfected with either human DHS-specific (DHS) or control scramble II duplex (SDII) siRNAs. (A) RNA was isolated 1 day after the final transfection, followed by first-strand cDNA synthesis. Gene silencing was monitored by DHS-specific PCR. A GAPDH-specific reaction served as internal control. (B) siRNA-treated cells were metabolically labeled using [ 14 C]spermidine, and total cell proteins were analyzed by 2-dimensional electrophoresis and subsequent autoradiography as described in the legend to Figure 1. (C and D) The respective cell cultures were infected with HIV-1 NL4/3 1 day after the final transfection. At day 3 after infection, p24 antigen levels (C, black bars), cell viability (MTT assay; C, gray bars), and integrated proviral DNA (D) were analyzed. NC, negative control reaction.
For CNI-1493 studies, PM1 cells were infected with these viruses as before and incubated in the presence of CNI-1493 at concentrations of 0.5 μM and 1.0 μM, or DMSO (control). The culture medium was replaced every 3 days. Cell viability (as measured by MTT assay) and p24 antigen levels were determined at days 6 and 12 after infection and again indicated no significant differences between the cultures. As shown in Figure 7A , the inhibitory effects of CNI-1493 on virus replication increased in a dose-dependent manner and reached maximal inhibition rates, ranging from 72% to 96% for the tested viruses (BN8, BJ1, BM2, and BE4), at a concentration of 1.0 μM. Notably, replication of "omni-resistant" viruses (BE4 and FE9), which were derived from clinical isolates unresponsive to the full array of nucleoside reverse transcriptase inhibitors, non-nucleoside reverse transcriptase inhibitors, and protease inhibitors, was also efficiently blocked (95-99% inhibition of virus replication) by the DHS inhibitor CNI-1493 ( Figure 7,  A and B) . The parallel monitoring of cell viability (by MTT assay) and replication of the FE9 isolate over a period of 3 weeks revealed the expected virus growth curves, demonstrating virus breakthrough in the unprotected culture, as opposed to efficient virus inhibition in the CNI-1493-protected cells (Figure 7B, graphs) . The MTT assay demonstrated unchanged cell viability in the CNI-1493-treated culture, while the increase in virus replication resulted ultimately in cell death in the untreated control cells.
In summary, these data showed that replication of HIV-1 isolates that are resistant to multiple antiretroviral drugs is sensitive to treatment with inhibitors of hypusine formation.
Discussion
The data presented in this study suggest that human DHS is a novel and valuable drug target that can be exploited for the development of advanced antiretroviral therapies. Blocking of DHS activity, either by low-molecular weight compounds or by RNAi, demonstrated pronounced antiviral effects in cell lines and/or primary cells. Moreover, suppression of the formation of progeny viruses was observed in both T cell-tropic and macrophage-tropic laboratory strains, clinical isolates, and a series of multidrug-resistant viruses. Evidently, this anti-HIV effect is based on the inhibition of the viral regulatory protein Rev, which can be explained by the previous finding that the hypusine-containing protein eIF-5A participates in HIV-1 Rev-mediated trans-activation (9, 10, 30) . Rev is an essential viral regulator that constantly shuttles between the nucleus and cytoplasm of host cells and primarily mediates the nucleocytoplasmic transport of incompletely spliced and unspliced viral mRNAs (8) . In addition, Rev activity on the splicing, half-life, and translation of these transcripts has also been reported. Thus, Rev regulates the post-transcriptional processing of specific retroviral mRNAs.
DHS catalyzes the first reaction in a 2-step conversion of the inactive eIF-5A precursor to its activated hypusine-containing form (11) . eIF-5A is unique because it is the only protein known in mammalian cells that contains this modification. Originally it was suggested that eIF-5A promotes the formation of the first peptide bond during protein synthesis (31, 32) . However, subsequent studies have clearly demonstrated that eIF-5A is not involved in the initiation of general protein translation (33, 34) . Thus, the exact in vivo activity of eIF-5A is still unknown. More recent findings in yeast suggested that eIF-5A is involved in the degradation of specific short-lived cellular messages and revealed a genetic link between eIF-5A and poly(A)-binding protein (35, 36) . Strikingly, the regulation of cellular mRNA turnover and that of cellular mRNA translation are intimately connected and appear to depend on tightly coupled nuclear and cytoplasmic processes (reviewed in refs. [37] [38] [39] . Thus, shuttling proteins such as poly(A)-binding protein (40) link mRNA metabolism in the nuclear and cytoplasmic compartments. The previous findings that 8 μM) or DMSO. Cytoplasmic (C) or total (T) RNA was isolated at day 7 after infection and subjected to HIV-1 mRNA-specific or U6 snRNAspecific Northern analysis. (B) Inhibition of Rev-dependent virus production. HeLa cells were cultured for 7 days in 1.0 μM CNI-1493 or DMSO and subsequently cotransfected with a rev-defective proviral DNA, a Rev-expressing vector, or the respective parental plasmid (Rev-deficient control) and a construct expressing constitutively secreted alkaline phosphatase (SEAP). The transfected cell monolayers were further maintained in 1.0 μM CNI-1493 or DMSO and analyzed at 60 hours after transfection for levels of p24 antigen. The respective values were adjusted for transfection efficiency by determination of the level of SEAP (upper panel). In addition, total cell protein extracts were prepared and subjected to p55 Gag -specific or α-tubulin-specific eIF-5A localizes in both the nucleus and the cytoplasm of mammalian cells (21) and can also be exported from the nucleus (41, 42) are intriguing and suggest that this unique protein indeed fulfills an activity in the metabolism of specific cellular RNAs. This notion is further supported by the finding that inhibition of the hypusine modification of eIF-5A causes the selective disappearance of certain mRNAs from polysomes (43) .
The identification of the tetravalent guanylhydrazone CNI-1493 as a new and potent low-molecular weight inhibitor of DHS provides a novel opportunity to pharmaceutically interfere with cellular eIF-5A activity. CNI-1493 is currently undergoing phase II clinical trials for Crohn disease. This compound was originally described as an efficient inhibitor of macrophage activation that blocks the synthesis of proinflammatory cytokines (44) . More recently it was reported that this drug also activates a neural anti-inflammatory pathway by stimulating the vagus nerve through an unknown mechanism (45) . It is conceivable that these activities of CNI-1493 are connected to the so-far unknown anti-DHS activity of this compound. In contrast, previous studies have provided experimental evidence that CNI-1493 prevents proinflammatory cytokine production through inhibition of p38 MAPK phosphorylation, and this effect may also interfere with HIV-1 replication (19, 20) . However, our DHS-specific RNAi data argue strongly against the notion that the anti-HIV effects observed can be attributed to the inhibition of p38 MAPK. In addition, there is also a striking discrepancy between the temporal kinetics of the reported inhibitory effects of CNI-1493. In tissue culture cells, a complete lack of phosphorylated p38 MAPK has been reported after 90 minutes of drug treatment (19) , while, in sharp contrast, maximal antiviral effects were only observed after infected cells had been exposed to the compound for several days ( Figure 4A ). Moreover, the in vitro analysis of the p38 pathway kinases in a cell-free enzymatic assay revealed that the 50% inhibitory concentration (IC 50 ) of CNI-1493 for MAPK kinase 3 (MKK3), MKK6, and p38 MAPK is in the micromolar range (MKK3, 10 μM; MKK6, 2 μM; p38, 20 μM; A. Choidas, unpublished data), indicating a much higher effective inhibitory concentration (EC 50 ) within cellular systems. The IC 50 with respect to virus suppression, however, appears to be in the submicromolar range (Figures 2-4) .
Since DHS was identified as an attractive intracellular target for anti-HIV therapies, it was necessary to demonstrate that the antiviral effects of DHS inhibition did not result from general cellular toxicity. Previous studies have reported antiproliferative effects in certain tumor cell lines upon inhibition of hypusine modification of eIF-5A (14-16) as well as contradictory effects on apoptosis (46, 47) . However, these studies used inhibitors (e.g., polyamine analogues, iron-chelating molecules) that, in addition to inhibiting hypusine formation, are likely to affect a number of additional aspects of cellular metabolism. Clearly, in the present study, the analysis of cell death, cell cycle progression, and general cytotoxicity demonstrated no adverse cellular effects of CNI-1493 at drug concentrations that significantly suppressed HIV-1 replication. These data indicate that a therapeutic window exists for HIV chemotherapy using novel types of DHS inhibitors.
The strategy to attack the viral life cycle by blocking cellular hypusine formation is also validated by 2 other independent studies. Feline immunodeficiency virus is, like HIV-1, a lentivirus. Its replication also depends on the Rev regulatory system. As demonstrated previously, treatment of cells with the DHS inhibitor 1.8-diaminooctane reduced viral replication in a dose-dependent manner and substantially decreased the level of Rev-regulated transcripts in the cytoplasm (48) . Likewise, inhibition of the second hypusine-modification enzyme, the metalloenzyme deoxyhypusine hydroxylase, by metal-chelating compounds such as mimosine suppressed HIV-1 replication and reduced the association of unspliced gag mRNAs with polysomes (49) .
In summary, the development of low-molecular weight compounds that inhibit DHS appears to be a promising approach to providing novel antiretroviral therapies. Such regimens may be advantageous in salvage therapies by achieving suppression of otherwise drug-resistant viruses.
Methods
Immunoprecipitation and 2-dimensional gel analyses. For detection of effects of DHS inhibitors on eIF-5A hypusine modification in vivo, 10 7 Jurkat cells were metabolically labeled for 12 hours using either 50 μCi [ 14 C]putrescine dihydrochloride (a metabolic spermidine precursor; 100 mCi/mmol; Amersham Biosciences UK Limited) or 100 μCi [ 35 S]cysteine (600 Ci/mmol; Hartmann Analytic GmbH) in the presence of 0.5 μM or 1.0 μM CNI-1493 or DMSO (solution control). Cells were pelleted, washed twice in PBS, and lysed in RIPA buffer (0.1% SDS, 1% Triton X-100, 1% sodium deoxycholate, 150 mM NaCl, 0.25 mM PMSF, 1 mM EDTA, 10 mM Tris [pH 7.4]). Protein concentrations were determined by colorimetric protein assay (BioRad Laboratories), and equal protein amounts of the various radiolabeled cellular extracts were subjected to eIF-5A-specific immunoprecipitation analyses using rabbit polyclonal anti-eIF-5A antibody (50) and analyzed by 14% SDS-PAGE and autoradiography.
For 2-dimensional gel analysis of total cellular extracts, 10 7 PM1 cells were metabolically labeled as described above, using 10 μCi [ 14 C]spermidine trihydrochloride (112 mCi/mmol; Amersham Biosciences UK Limited) in the presence of 1.0 μM CNI-1493 or DMSO. Gel analysis was performed as previously described (21) .
HIV-1 infection experiments. HIV-1 infection experiments using the T celltropic (X4) strain NL4/3 (51), the macrophage-tropic (R5) strain BaL (52), or multidrug-resistant HIV-1 isolates were routinely performed using PM1 cells (virus laboratory strains and cells were obtained from the NIH AIDS Research and Reference Reagent Program). Cells were cultured in RPMI 1640 medium containing 10% FCS (PanSystems GmbH) and antibiotics (penicillin and streptomycin). For HIV-1 infection, 5 × 10 7 cells were resuspended in 500 μl culture medium without drugs and incubated at 37°C for 3 hours with 100 ng of HIV-1 viral stocks. After infection, cells were washed twice with PBS without Ca 2+ and Mg 2+ to avoid false-positive p24 antigen determination. Cells were resuspended, and identical aliquots (5 × 10 5 per milliliter) of infected cells were further cultured in 5 ml medium in the presence of DHS inhibitor (dissolved in DMSO) at various concentrations, or in medium with DMSO as control for the calculation of the inhibition of virus replication. At days 3, 6, and 9 after infection, the culture medium was changed and cells were split. Viability of the cells (as measured by MTT assay) and p24 antigen levels (as measured by ELISA; Innogenetics NV) were determined at days 6 and 12.
PBMCs from HIV-1-infected patients were isolated by Biocoll (Biochrom AG) gradient centrifugation. PBMCs (1 × 10 6 per milliliter) were cultured in the presence of CNI-1493 or in DMSO (control diluent). The culture medium was changed every 3 days. Once a week, each culture was split 1:1, and 1 × 10 6 feeder PBMCs prepared from 4 healthy donors and 10 U/ml of recombinant IL-2 (Roche Diagnostics GmbH) were added. Before addition to the cell cultures, 1 × 10 6 feeder PBMCs per milliliter were treated for 3 days with 4 μl PHA-P (6 μg/ml phytohemagglutinin) and 1 μl PB (1 μg/μl polybrene; both from Sigma-Aldrich). At day 14, viability of the PBMCs (as measured by trypan blue staining), cell count, and virus load were determined (INNOTEST HIV p24 antigen mAb from Innogenetics NV, or bDNA HIV-1 RNA 3.0 Assay from Bayer AG).
